SUMMARY: Sedimentary phosphorus was characterized in sediment cores from 3 coastal ecosystems of the Gulf of Cadiz. High spatial variability was observed in total phosphorus (from 445 to 20291 µg g.sed -1 ) and in the other phosphorus phases studied. This variability correlates with the proximity of the 10 sampling stations to sources of urban and/or industrial effluent in the zone. The benthic and diffusive fluxes were measured concurrently with sediment collection at these stations. The measured values of benthic fluxes range between -14 and 6 mmol m -2 d -1 . Generally, stations that showed increased interstitial phosphate concentrations with increasing depth were characterized by positive values in phosphate benthic fluxes and by high percentages of reactive forms of sedimentary phosphorus. Negative benthic fluxes were associated with stations receiving more anthropogenic matter, which showed progressively decreasing phosphate concentrations in the interstitial water with depth. In these anthropogenic areas, the non-reactive forms of phosphorus (those associated with ferric oxyhydroxide and authigenic carbonate fluorapatite) are abundant, and reach values exceeding 75% of total phosphorus in sediment.
INTRODUCTION
Being an essential nutrient, phosphorus is a key element in biogeochemical cycles, and is believed to act as a limit to marine productivity Ruttenberg, 1993 ). An important characteristic of phosphorus is that it can be transferred from seawater to the sediment. Hence, sedimentary phosphorus has been the subject of a number of studies, mainly because of its role in the eutrophication of marine and freshwaters.
Phosphorus is deposited in sediments in several ways: through incorporation in organic matter, through inclusion in apatite and calcium carbonate minerals, and through association with hydrous ferric oxides (Berner et ADVANCES IN MARINE CHEMISTRY J. Blasco and J.M. Forja (eds.) al., 1993; McManus et al., 1997; Delaney, 1998) . Once incorporated into the sediment, phosphorus also undergoes transformations itself, determined by the physicochemical characteristics of the sediment (Sundy et al., 1992; Lucotte et al., 1994; Louchouarn et al., 1997) .
As a result of biological and chemical processes in the surface sediment, a certain amount of phosphorus is released from sediments and becomes available for biota . Benthic regeneration of phosphate is a fundamental process in the exchange across the water-sediment interface. Therefore, it is important to study in situ fluxes and the phosphate chemistry in the interstitial water.
This study was performed in three different systems of the Gulf of Cadiz in the southern Iberian Peninsula, which is known to be affected to varying degrees by urban and/or industrial contamination. The first system, the Tinto and Odiel marshes, are formed at the intersection of the mouth of the rivers of the same name. These marshes are particularly important among the tidal marshes of the south coast of the Iberian Peninsula and have a high level of environmental protection. However, human activity interferes with the conservation of this ecosystem. A nearby petrochemical complex causes serious industrial pollution, and the system is also affected by other urban, agricultural and industrial discharges. Much research has been done on this area, but most studies have dealt with heavy metals and other pollutants (Saenz, 1998) and little attention has been paid to the exchange of nutrients between the sediment and the column water and its relation to sediment composition.
The second system, the Bay of Cadiz, is a shallow sea bay with an intertidal zone and an extensive salt marshes. The current problem of this system focuses on the large population concentrated in the zone, which carries with it other problems such as contaminant accumulation. Much research has been done on this area, primarily focusing on the diagenesis of organic matter in sediments and on benthic fluxes (Gómez-Parra and Forja, 1992; Forja and Gómez-Parra, 1998) , but not on the characterization of the speciation of phosphorus in reactive phases in sediment.
Finally, the River Palmones estuary forms a marsh at the mouth, which is one of the few remaining wetlands in the Algeciras Bay. This system is characterized by waste and discharges it receives from industrial activity and adjacent urban areas. A number of studies of this system have characterized the amount and forms of the phosphorus in sediment and the phosphorus chemistry in the pore water (Clavero et al., 1991 , Clavero et al., 2000 , but have not dealt with the quantification of in situ benthic fluxes.
Therefore, the objective of the present study was to characterize and quantify the amount and distribution of phosphorus in coastal marine sediments and to determine how the phosphorus cycle near the sedimentwater interface affects the phosphate flux to overlying water.
MATERIALS AND METHODS

Location of sampling stations
The 10 stations are located in three different areas of the Gulf of Cadiz (Fig. 1) . The Tinto and Odiel marshes (stations HA, HB, HC, HD) are very close to a major urban and industrial complex. The stations of the Bay of Cádiz (PR, G) are close to two medium-size towns. Finally, the River Palmones stations (PA PB, PC, PD) are located along the estuary. In general, all stations are primarily marine in nature. Samples were taken in winter and autumn 1998.
Two factors were considered in choosing these locations: i) sediment composition (texture, organic matter content, etc.), and ii) exposure to different degrees and types of pollution (Table 1) .
Benthic chambers
Two opaque benthic chambers anchored at each station for 4 hours were used to study benthic fluxes of phosphate. The volume capacity of the chambers was 78.3 and 89.8 L, and both had the same cross-sectional area of 0.385 m 2 . The chambers had their own Gómez-Parra and Forja (1993) . The in situ benthic fluxes were calculated using the following expression:
where R is the surface-to-volume ratio in the chamber (4.98 and 4.29 m -1 , respectively), and (∂C/∂t) t=0 is calculated from the variations in phosphate concentration inside the chambers. These variations in C with time may be described by means of either a linear or an exponential equation; the latter is shown in Figure 2 .
Sediment
At each station, 3 or 4 sediment cores (inner diameter 60 mm) were collected by scuba diving, and were immediately frozen and preserved at -20°C until subsequent laboratory treatment. From each core, sections of 1-cm thickness were cut at various depths under N 2 atmosphere; these sections were then centrifuged (39200 g/30 min) in polypropylene tubes to obtain the interstitial water. The phosphate concentration in interstitial water was determined by the spectrophotometric method (Grasshoff et al., 1983) using an autoanalyser (Traccs 800, Bran-Luebbe).
The sediment was dried at 85°C for 48 hours, then ground with a ZrO 2 grinder and sieved (63 µm). The organic carbon content of surface sediment (0-10 cm depth) was measured using a chemical oxidation method (El Rayis, 1985) . Sediment porosity was calculated by determining the weight loss after drying for 48 hours at 85°C. Sediment samples to determine sediment grain size were taken using a Van Veen grab. In the thick fraction, the separation by grain size was performed using a stack of sieves, and the fine fraction distribution was determined using a laser particle analyzer (FRITSCH, mod. Analysette 22). The texture of the sediment samples was classified using Shepard's system (Shepard, 1954) .
Diffusive fluxes
Diffusive fluxes across the sediment-water interface were estimated using Fick's first law (Berner, 1976) :
where J D is the specie's flux across the sediment-water interface, f 0 is the porosity of surface sediment, D S is the molecular diffusion coefficient, and (∂C/∂z) z=0 is the concentration gradient across the water-sediment interface calculated from linear or exponential fitting of phosphate against depth for the surface layer of the sediment (first few centimetres).
An example of exponential fitting is shown for station PB (Fig. 3B) . The porosity variations with depth were fitted to an exponential expression (Morse, 1974; Lerman, 1976; Murray et al., 1978) such that:
in which f z is the analytical porosity asymptote and f 0 its value at z=0. The diffusion coefficient D S in the surface layers was calculated using the expression reported by Sweerts et al. (1991) . This equation allows D S to be related directly to porosity:
where D 0 is the diffusion coefficient at infinite dilution. In the case of phosphate, the effective diffusion coefficient (D eff ) is utilized in place of D 0 (Klump and Martens, 1981) , and this coefficient was calculated by the following expression:
where a i is the relative proportion of each phosphoric acid equilibrium species, and D i is the diffusion coefficient at infinite dilution (D 0 ) of each species involved (Krom and Berner, 1980) (Table 2) .
This effective coefficient is calculated from the relative proportions of each species including the formation of ionic pairs with the majority cations in seawater. The relative proportions were determined with the apparent dissociation constants reported in DOE (1994) and the stability constants of different ion pairs described by Turner et al. (1981) .
The considerations and simplifications described by Klump and Martens (1981) were applied. These authors found errors of up to 50% when the phosphoric acid speciation was not considered in the D S calculation, as a consequence of pH variation in interstitial water.
Sequential extraction of phosphorus in sediment
The detailed protocol for obtaining the different phosphorus fractions is illustrated schematically in Table 3 . The extraction method used was the modified Williams's protocol (Williams, 1980 . We performed one prior step, which consisted of the initial extraction using the Ruttenberg method (Ruttenberg, 1992) . This extraction using 1M MgCl 2 extracts the loosely-sorbed phosphorus (F1), which is the more labile form of sedimentary phosphorus. From the remaining residue, the iron-bound or non-apatite inorganic phosphorus (NAIP, F2) was extracted using 1 M NaOH and subsequent neutralization with 3.5 M HCl. The extraction of the various different forms of phosphorus continued, following the procedure described in Ruban et al. (1999) (Table 3) . In all cases the extractions were performed from 0.5 g of sediment in 50 mL of extractant for 16 hours at room temperature, with agitation and in polypropylene tubes. In each extraction, centrifugation at 15000 g for 15 minutes at 4ºC was used to separate the liquid and solid phases. The phosphate concentration in each extractant was determined using the spectrophotometric method (Koroleff, 1983) , with prior dilution where necessary and adjustment to pH of about 1.
RESULTS
Phosphate profiles
Depth profiles of phosphate in the interstitial water at the stations studied are shown in Figure 3 . These profiles can be seen to be very irregular at some stations, as a consequence of organic matter remineralization and subsequent phosphate removal from interstitial water due to authigenic mineral formation.
Many profiles showed a constant increase in phosphate concentration with depth, from values close to 0 µM to values exceeding 120 mM, as in the case of the PR and PC stations. One group of stations (G, PB, PD) showed increased phosphate from the superficial part of the sediment to a certain depth, from which there was a negative gradient change. Finally, another group showed a significant decrease in phosphate concentration in interstitial water, as in the case of station HB.
Diffusive and benthic fluxes
Porosity values, the diffusion coefficient D S and the results for diffusive fluxes are summarized in Table 4 . In all cases, the values of phosphate diffusive fluxes were relatively small, in the order of mmol m -2 d -1 . Most stations showed positive values of phosphate diffusive fluxes, indicating that there was release of phosphate from the sediment into the water column, with values between 0.0089 and 0.0154 mmol m -2 d -1 . However, stations HA, HC and PA showed negative phosphate diffusive fluxes.
The values of the phosphate benthic fluxes were between -14 and 6 mmol m -2 d -1 (Fig. 4) . The inner stations of the Tinto and Odiel marshes showed the greatest removal of phosphate into the sediment, while the highest fluxes from sediment to the water column were found at station HD. The other stations showed much lower values, ranging between -2 and 2 mmol m -2 d -1 .
Sedimentary phosphorus
Two examples of depth profiles of variations in the fractions of phosphorus in the sediment are shown in Figure 5 . The general trend found was a progressive decrease in total phosphorus (TP) and all forms of P in the sediment, as seen in the profile of station PA. This type of profile was found at the stations of the Bay of Cadiz and the Palmones estuary.
The profile of station HD showed a progressive increase in both TP and fractions. The TP in deep sediment reached values of around 4000 g g.sed -1 , which is up to four times higher than surface values. Stations HA and HC have the same type of profile. Figure 6 shows the overall average depths between 0 and 10 cm of different fractions of phosphorus in sediment in relation to TP at each of the 10 stations. The greatest fraction was inorganic P, especially at the stations of the Tinto and Odiel marshes, while organic P values only reached 20-30% at the stations of the Bay of Cadiz and the Palmones estuary.
The fraction of inorganic P bound to Fe (F2) represents the majority fraction in the Tinto and Odiel marsh stations. However, in the rest of the stations the fraction of P associated with Ca (F3) had a greater relative importance, although the two fractions showed similar percent- ages. At all stations studied, labile P (F1) was the minority faction, representing between 3% and 10% of TP.
DISCUSSION
Phosphate chemistry in interstitial water
In most cases, an increase in the concentration of phosphate with depth can be observed, with some values reaching more than 100 µM PO 4 (Fig. 3) . This behaviour has been described in numerous littoral systems (e.g., Sundy et al., 1992; McManus et al., 1997) and is generally found to be related to the release of phosphorus from organic matter during diagenesis in the first few centimetres of sediment. Mineralization of organic material also produces significant changes in the redox potential and pH of the interstitial water, and may induce a release from the phosphorus of the more reactive phases (Sundy et al., 1992; Istvanovics and Pettersson, 1998) .
At some stations (for example HB and HC) phosphate removal was observed at different depths due to processes such as the formation of Fe and/or Ca authigenic insoluble compounds (Sundby et al., 1992; Barbanti et al., 1995) .
Diffusive and benthic fluxes
In all cases, the values of phosphate diffusive fluxes observed in different systems studied were of the same order of magnitude as those observed in various shallow and deep systems (Table 5) . The values found for diffusive fluxes were very low in comparison with benthic fluxes in all cases (Table 4 , Fig. 4) . This underestimation of the diffusive fluxes was obtained using a spatial resolution in vertical profiles of 1 cm, and confirms the importance of macrofaunal irrigation in the exchange of nutrients between sediment and overlying water (e.g. Aller, 1978; Callender and Hammond, 1982; Doering et al., 1987; Clavero et al., 1991; Forja and Gómez-Parra, 1998) . In most cases, the positive values of phosphate diffusive fluxes indicate that this nutrient is released during organic matter diagenesis and is exported from sediment to the water column (Table 4) . Phosphate removed by sediment was only detected at the inner stations of the Tinto and Odiel river mouths (sampling stations HA and HC). On the other hand, a progressive increase of phosphate diffusive fluxes was found in the Palmones estuary.
Benthic fluxes of phosphate (Fig. 4) show great spatial variability. The highest negative values of benthic fluxes in water were found at stations HA, HB and HC, where the highest TP values in sediment were found, indicating that sediments act as a sink of P from the water column in this zone.
These stations are subjected to severe contamination by industrial effluents containing high concentrations of phosphate, iron and other heavy metals, giving rise to a substantial transfer of phosphate from water to sediment, which then forms part of the sediment. In fact, the initial concentrations of phosphate inside the chambers reach values of 24 µM PO 4 at station HB, and a gradual decrease in the concentration is observed in line with increasing time of incubation. In general, there is no clear dependence between the phosphate fluxes and the organic carbon content of the surface sediments (Fig. 4) . Hence, the release of phosphate from the sediment may be more related to the degree of degradation of the organic material than to its total quantity (Forja et al., 1994) .
Different fractions of phosphorus
The stations studied show considerable variability in the total amount of phosphorus in sediment and in the distribution of the different phases of phosphorus. The highest TP values were found at the stations in the Tinto and Odiel marshes, sited near a major industrial complex (Table 4 ). In contrast, stations PA and PB in the Palmones estuary showed the lowest TP and organic carbon values. These variations could be due fundamentally to the degree and nature of the effluent sources located near the stations. Figure 5 shows that there is a significant difference between stations HD and PA in both the absolute values and the distribution of the different fractions of phosphorus. Station HD receives considerable quantities of matter of anthropogenic origin containing both phosphate and various heavy metals such as iron. At this station, it is notable that the inorganic fraction, and F2 (NAIP) specifically, is proportionately the greatest, due to the characteristics of the zone in which the values of Fe in the sediment can reach as much as 150 mg g.sed -1 (Sáenz, 1998) . It can also be seen in this profile that there is a generalized increase in phosphorus with sediment depth, which could be related to the smaller amounts of anthropogenic matter received by this zone in recent years. All stations in the Odiel-Tinto marshes show this pattern.
The tendency found at station PA is very different, and appears more similar to the usual pattern of distribution of phases of phosphorus (e.g.: Berner et al., 1993) . The accumulation of phosphorus occurs mainly in the surface sediment, since the sediment consists of more clay; another factor is the recent input of phosphorus in effluent from different industries located nearby at station PA. In both cases, inorganic phosphorus is the predominant pool, and thus drives the variation of TP. The two important parts of the mechanisms by which phosphate is removed from seawater are, first, its inclusion in carbonate fluorapatite and in biogenic calcium carbonate, and second, the adsorption of phosphate onto ferric oxyhydroxides .
In general, we found a decline in the absolute values and percentage of organic P (F5) in the sediment with depth, due to decomposition of organic matter during diagenesis. In many cases, organic P was reduced by half in the first 10 cm of sediment. The stations of the Odiel salt marshes (HA to HD) showed very high percentages of F2 (NAIP) (Fig. 6) . It is possible that the considerable supply of Fe in this zone from industrial effluents facilitates the incorporation of phosphorus into this phase, which can comprise as much as 92% of the total inorganic phosphorus.
At the rest of the stations, the fraction of inorganic phosphorus (F4) was also the most abundant one, although organic phosphorus (F5) showed values of around 20% (Fig. 6) . Among the inorganic phases, apatite (F3, AIP) was generally the most abundant. Table 6 shows that this apatite fraction is the most abundant in the most marine sediment.
In all cases, the most labile fraction of phosphorus (F1) is that which comprises the smallest percentage (<15%). This finding could indicate that this fraction has a high reactivity in marine sediments. The distribution of the different fractions of phosphorus in the sediment is very similar to that found in the majority of the marine sediments (Table 6 ).
The TP values found in the Odiel salt marshes are 10 times higher than those in other systems (Table 6) . This site could act as a large sink for phosphorus, since the benthic fluxes at this site are equivalent to those at other sites. Unlike at the stations of the Bay of Cadiz and the Palmones estuary, at the stations of the Tinto and Odiel marshes the most abundant fraction of inorganic phosphorus was NAIP (Fig. 6 ).
CONCLUSIONS
Benthic fluxes of phosphate are higher than diffusive fluxes, showing the importance of bioturbation processes on phosphate mobility at the sediment-water interface, as well as the importance of working with a high spatial resolution.
There is considerable variability among the stations studied in the total amount of phosphorus in sediment and in the distribution of the different phases of phosphorus. These variations are due fundamentally to the degree and the nature of the effluents discharged from sources of located near the stations.
The less reactive phases of phosphorus (F2 and F3) show the same pattern as the total amount of phosphorus in sediment. On the other hand, more labile phosphorus (F1) and organic phosphorus (F5) shows patterns more conditioned by the characteristics of the sediment and diagenetic processes of organic matter. In general, the percentages of phases F2 and F3 measured at stations with substantial anthropogenic inputs of phosphorus were higher than those found at stations with less industrial and urban contamination, in both surface sediment and deep sediment. The stations with the highest TP values (Tinto and Odiel marshes) showed high negative values of benthic fluxes, indicating that sediments act as a sink of P from the water column. 
